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Abstract
Velocity dispersion curves of loading layers reveal the appearance of anomalies with valleys for quartz substrates and peaks for
molybdenum substrates. These phenomena, quantified via an acoustic parameter, ξ, that takes into account both layers and
substrates properties, explained the appearance of peaks and valleys. Moreover, the quantification in terms of relative Rayleigh
velocities led to the determination of relations with a linear decrease with ξ for peaks and an increase with relative layer/substrate
densities for valleys. Thus, these relations can predict anomalies appearance or disappearance and consequently facilitate any
possible applications.
© 2009 Elsevier B.V.
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1. Introduction
Thin layers are playing a very important role in modern technology [1-3]. In fact, current progress in their
preparation, characterization and treatment, during the last decades led to a better understanding and consequently
the improvement of their properties which opened new horizons in electronic, magnetic, optical, mechanical
applications [4-7]. As far as the characterization techniques are concerned, the ultrasonic investigation is regarded as
one of the most promising non-destructive methods for thin films/substrate systems [8-10]. These systems are
characterized by two types of dispersions. If Rayleigh velocity of the layer, VRL, is faster (or slower) than that of the
substrate onto which is deposited, VRS, the dispersion velocity are positive (or negative). Thus, the variation the
Rayleigh velocity with the film thickness, show an initial increase (or decrease) followed by a saturation region in
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positive (or negative) dispersion. It should be noted that Positive (or negative) dispersion is a consequence of the
effect of rigidity (or loading effect) of the thin layer in the system liquid /thin layer/substrate [11-14].
However, various strange phenomena can emerge during any investigation, thus reducing the measurements
accuracy of the acoustic wave velocities which directly reduces the precision of the determined elastics constants
[13-17]. In this context, we present in this work an analysis of the systems water/ thin layer/substrate, for the several
thin films: SiO2, Cr, Si, Si3N4, AlN and SiC deposited on two types of substrates: quartz and molybdenum.
2. Computing conditions
The investigated materials (Mo, SiO2, quartz (Qz), Cr, Si, Si3N4, AlN and SiC) are regrouped in Table 1 which
includes their acoustic parameters [18]: density, ρ, longitudinal velocity, VL, transverse velocity, VT, and Rayleigh
velocity, VR. We are interested in the study of the evolution the of Rayleigh generalized velocity, VR, according to
the thickness of the layer, h, normalized with the transverse wavelength of the layer, λTL, in the systems water/thin
layers/substrates, in the case of a positive dispersion. For this study, we considered molybdenum and quartz
substrates characterized by different elastic parameters.
The propagation of Rayleigh wave velocity VR, is calculated starting from the treatment of the acoustic signature
V(z), by fast Fourier transform, [19-21]. This signature represents the variation of the output voltage, V, of the
scanning acoustic microscope as a function of the defocusing distance, z. The simulation conditions were chosen as
those mostly used in experimental investigations: an opening angle of the acoustic lens of 50°, water as a coupling
liquid and an operating frequency of 142 MHz for quartz substrates and 156 MHz for molybdenum substrates.
Table 1. Acoustics characteristics of various studied materials.
____________________________________________________________________________________________________________________
Layers/Substrates Materials Densities Longitudinal Transverse Rayleigh
(kg/m3) velocity (m/s) velocity (m/s) velocity (m/s)
________________________________________________________________________________________________________________
Thin layers SiO2 2600 5980 3700 3397
Cr 7194 6608 4005 3661
Si 2300 9160 5085 4712
Si3N4 3185 10607 6204 5704
AlN 3260 10012 7647 6418
SiC 3210 12099 7485 6841
Substrate Mo 10222 6475 3505 3247
Quartz 2200 5970 3765 3412
_______________________________________________________________________________________________________________
3. Results of water/ layer/substrate systems.
Fig. 1 illustrates the evolution of generalized Rayleigh velocity with normalized thickness, h/λΤL, of the
structures: SiC/Mo, Si3N4/Qz, Si/Qz and Cr/Qz. This set of curves shows clearly a typical evolution with positive
dispersion for the structures: Si3N4/Qz and Si/Qz, i.e. an initial increase followed by a saturation region. However,
the curve representing H2O/SiC/Mo structure shows that Rayleigh velocity gets values which are unexpectedly
higher than that of the layer Rayleigh velocity, VRL; this is observable as a peak in Fig. 1 (shadowed area). It is
worth noting that peak phenomena were also observed with other investigated structures: Si/Mo, Si3N4/Mo, AlN/Mo
and SiC/Mo, but did not appear with Cr/Mo. It was equally noticed that, the amplitude of the peaks increases with
the Rayleigh layer velocity, VRL; to reach values higher than those of that of layers, e.g. 18% in the case of AlN/Mo
structure.
Whereas, the curve representing H2O/Cr/quartz combination reveals that Rayleigh velocity gets values which are
unexpectedly lower than those of the substrate Rayleigh velocity, VRS. The depth of the valley, shown as shadowed
area, was estimated to be 15% lower than VRS. It should be noted that this valley anomaly was not obtained with
other investigated structures: Si/Qz, Si3N4/Qz, AlN/Qz and SiC/Qz.
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Fig. 1. Generalized Rayleigh velocity variations with normalized layer thickness for the structures: SiC/Mo, Si3N4/Qz, Si/Qz and Cr/Qz.
4. Discussions
Rayleigh velocity dispersion is greatly dependent on the combined effects of velocities and densities of both
substrates and layers. This was recently [13, 15] quantified by the introduction of an acoustic parameter, ξ, which
represents the relationship between ρL /ρS and VRL/VRS (where ρL and ρS represent the density of the layer and that
of the substrate, respectively). Table 2 regroups various acoustic parameters used for both investigated
layer/substrate systems
Table 2. Acoustic parameters of the structures: thin films/molybdenum and thin films/quartz
____________________________________________________________________________________________________________________
Structures SiO2 Cr Si Si3N4 AlN SiC Cr Si Si3N4 AlN SiC
Mo Mo Mo Mo Mo Mo Qz Qz Qz Qz Qz
________________________________________________________________________________________________________________
VRL/VRS 1.05 1.13 1.45 1.76 1.98 2.11 1.07 1.38 1.67 1.88 2.00
ρL/ρS 0.25 0.7 0.22 0.31 0.32 0.31 3.27 1.05 1.45 1.48 1.46
ξ 0.23 0.62 0.15 0.18 0.16 0.15 3.06 0.76 0.87 0.82 0.73
4.1 Valleys phenomenon
A combined analysis of the curve representing Cr/Qz structure of Fig. 1 and table 2 shows that the layer and
substrate Rayleigh velocities are quite similar (VRL/VRS). Whereas, the layer density is much higher than that of Mo
(ρL > 3ρS). This suggests that the density difference may be responsible for the appearance of valley. To verify such
idea we considered the same substrate (Mo) over which three fictitious materials MF1, MF2 and MF3 could be
deposited. Such films are characterized by constant values of wave velocities identical to that of Cr. However, their
densities were chosen to be different from that of Cr, such that: ρMF1 = 0.5 ρCr, ρMF2 = 1.5 ρCr and ρMF3 = 2 ρCr.
The obtained results are plotted in Fig. 2 in terms of Rayleigh velocities as a function of normalized thickness, for
the structures MF1/Qz, MF2/Qz, MF3/Qz and Cr/Qz. It can clearly be seen that the valley depth becomes more
important as the layer density gets higher. Whereas, when the film density is lower than that of Cr, the valley gets
smaller as put into evidence by the structure MF1/Mo. To better quantify such dependences, we consider the valley
depths in relative terms, such that:  = (VRS-VRmin)/VRS where VRmin is the minimum velocity value attained for each
layer. The deduced  values are illustrated in Fig. 3 as a function of relative densities; a linear dependence is clearly
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observable putting into evidence the great effect of layer density on the appearance of the valley anomalous
phenomenon. The curve fitting led to the determination of an expression of the form:
 = (VRS-VRmin)/VRS = 0.17 0/L – 0.04 (1)
4.2 Peaks Phenomenon
It should be recalled that the structures Cr/Mo and SiO2/Mo did not show any anomaly in their velocity
dispersion curves; these structures are characterized by a value of ξ equal to 0.62 and 0.23, respectively. Moreover,
no peaks were obtained for structures with ξ > 0.2. However, other structures, that exhibit anomalous behavior, are
characterized by ξ varying between ξ = 0.15 for SiC/Mo and ξ = 0.18 for the Si3N4/Mo structure. The increasing
heights of peaks for smaller ξ, indicate that there exists a large difference in elastic properties for layers and
substrates. Therefore, we can safely deduce that ξ is an important parameter in the interpretation of the appearance
or the disappearance of this phenomenon. As in the previous case of valleys, we quantify the existing anomaly in
relative representation between Rayleigh velocity of the layer, VRL, and the maximal attained velocity value, VRmax,
i.e.  ' = (VRmax-VRL)/VRL. Hence, the influence of ξ on the amplitude of the peak  ' is better illustrated in Fig 4, for
several structures: Si/Cu, Si3N4/Cu, SiC/Mo, Si/Mo, Al2O3/Cu, Si3N4/Mo and SiO2/Cu. It can be seen that, a linear
decrease is obtained whose fitting gave a simple relation of the form:
' = (VRmax-VRL)/VRL = 0.49 – 2.6 ξ (2)
The importance of the deduced relations (1) and (2) lies in the prediction of the appearance and disappearance of
anomalies (whether they are valleys or peaks) in Rayleigh velocity dispersion curves for different structures.
Fig. 4. Valleys amplitude, ' = (VRmax-VRL)/VR, as a function of density ratios ρ0/ρL, for different structures.
0.0 0.5 1.0 1.5 2.0
2000
2500
3000
3500
400
MF3(ρ=2ρCr)/Cr
Cr/Qz
h/λΤL
MF2(ρ=1.5ρCr)/Cr
MF1(ρ=0.5ρCr)/Cr
VR (m/s)
Fig. 3. Valleys amplitude, δ = (VRS - VRmin)/VRS, versus
density ratios ρ0/ρC, for different structures
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5. Conclusion
This investigation put into evidence the appearance of certain anomalies in Rayleigh velocity dispersion curves in
the case of stiffening effect. Thus, valleys appeared for thin films deposited on quartz substrates whereas peaks
existed with molybdenum substrates. The combine effect of densities and velocities of both substrates and layers are
shown to be responsible for such behavior. Semi-empirical relations were deduced; they can be used to the
prediction of the appearance and disappearance of anomalies for different structures.
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